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NOMENCLATURE

Definition
craft length
craft beam

bearing capacity coefficients

Eh 3/12(1-v?)

friction force

Elastic Modulus

acceleration due to gravity

water depth

ice thickness

SEV cushion length

flat bottom length of hull

characteristic length o” the ice

normal force

load required to cause first crack

load required to cause complete breakthrough failure
water pressure on ice

ice resistance

time

craft velocity

critical velocity of flexural wave in ice

velocity

Preceding page blank
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Definition

ice sheet deflection
coordinate system with = directed downward
weight of SEV

Dirac delta function
scale factor

friction factor
Poisson's Ratio (=.3)
mass density of ice
mass density of water
ice flexural strength

potential function

P b

' ax?ay? Ay
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I. SUMMARY

The model test program for the Arctic SEV consisted of two parts.
The objective of the first part was to determine the resistance of an
SEV operating over ice covered water. The second part of the test
program was concerned with the problems associated with parking the
Arctic SEV on the ice. Each part consisted of a series of model tests
conducted in the ARCTEC Ice Model Basin, Savage, Maryland, to empirically
determine the desired relationships between the independent and dependent

test variables.

Resistance Tests

The hydrodynamic resistance of an SEV operating over calm water is
primarily the wave-making resistance. The SEV traveling over water creates
a train of waves moving at the speed of the craft. The energy expended
by the SEV in generating these waves results in a drag force or wave

resistance.

In a similar manne~, when operating over a floating ice sheet, an
SEV will generate a train of flexural waves in the ice sheet. The shape
of these waves and, hence, the resistance of the SEV is a function of the
mechanical properties of the ice sheet. The model tests demonstrated
there is a peak resistance which occurs in the vicinity of the critical
velocity of flexural waves in the ice sheet. The peaks, however, were
found to be less than the primary hump in calm water and decrease with

increasing ice thickness. Tables of data and a nondimensional analysis

of the data is presented in Section III of this report.
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An unstable cundition was observed with the model when operating
near the critical velocity in thin ice. The shape of the wave generated
in the ice sheet under the craft was such that it came in contact with
the bow skirt. Friction between the skirt and the model ice caused the
model SEV to pitch down by the bow until the hull made contact with
the ice. This nose-in was observed only in the thinnest ice sheets of

thé tests; it was not experienced in the thicker ice sheets.

Notwithstanding the fact that the testing was performed with the
model restrained in surge and that the skirt friction over the model ice
is high, this phenomenon requires further investigation. It is, there-
fore, recommended that additional testing be performed specifically to
investigate the interaction between the skirt system of the SEV with
the wave generated in the ice sheet.

Parking Tests

The purpose of the parking tests was to determine the bearing capa-
city of the ice as a function of the size and shape of the landing pads and
as a function of the thickness and properties of the ice. Five different
landing pad configurations were tested in model ice sheets of various

thicknesses and mechanical properties.

Analysis of the experimental data resulted in expressions for the

bearing capacity for each model in the form of the following equations:

pl
7
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where

P, = load required to cause the first crack to appear in the ice

Pmax = 1oad.required to cause a complete breakthrough failure of
the ice

h = ice thickness

qf = jce flexural strength

Lb = flat bottom length of SEV hull

2 = characteristic length of the ice

Cy1,C» = constants determined experimentally and reported in Section IV.

Using these equaticns, the mode of failure of the ice during parking can

be predicted as a function of the ice thickness. A summary of these

predictions is presented in Table 8 of Section IV (reproduced on following

page). From this table it is interesting to observe there is no tremendous i
difference between these landing pad configurations. Therefore in

practical working terms the 170 ton craft will breakthrough the ice if

the ice is less than about 1.5 feet.* On the other hand, the ice will

support the craft without cracks furming if the ice is greater than

approximately 2 feet* Also, as noted in Section IV, these conditions can

be improved significantly by increasing the size of the pad.

Because the ice did not support as much weight as was expected
before the test, some of the above predictions are for ice thicknesses
beyond the range of data collected during the model tests. It is, there-
fore recommended that additional tests be conducted in thicker ice in

order to extend the range of the test data.

*

°f = 70 psi
E = 300,000 psi
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Table 8

Summary of Parking Test Results

Mode of Failure

No Appearance Breakthrough
Failure of Cracks Failure

170 ton ASEV

with Four Inflated Pads h>2,2' 1.8'<p<2.2' h<1.8'
with Runners h>1.9' 1.5'<h<1.9' h<1.5'
with Rectangular Inflated Pad h>2.1' 1.3'<n<2.1"' h<1.3"
540 ton ASEV

with Four Inflated Pads h>3.7' 3.0'<n<3.7' h<3.¢'
with Runners h>3.3' 2.6'<n<3.3' h<2.6'
with Rectangular Inflated Pad %>3.6' 2.3'<h<3.6' h<2.3'
1000 ton ASEV

with Four Inflated Pads h>5.1" 4.2'<n<5.1" h<4,2'
with Runners h>4.5' 3.6'<n<4.,5' h<3.6'
with Rectangular Inflated Pad #>4.9' 3.5'<h<4.9' h<3.5'

NOTE: Ice Flexural Strength (o,) = 70 psi

)
Ice Elastic Modulus (£) £ 300,000 psi
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IT. INTRODUCTION

The model test program for the Arctic Surface Effect Vehicle
(Arctic SEV) consisted of two parts. The objective of the first part was
to decermine the resistance of an SEV operating over ice covered water.
The second part of the test program dealt with the problems associated
with parking the Arctic SEV on the ice. Each part consisted of a series
of model tests in the ARCTEC Ice Model Basin to empirically determine
the desired relationships between the independent and dependent test

variables.

The objective of the resistance tests was to determine the resistance
of an Arctic SEV as a function of its size, speed, thickness of ice, and
material properties of the ice. Particular emphasis was placed on deter-
mining the peak resistance at speeds near the critical velocity of flexural

waves in the floating ice sheets.

The objective of the parking tests was to determine the bearing

capacity of the ice as a function of the size and shape of the landing

pads and as a function of the thickness and properties of the ice.

Each part of the testing is discussed in separate sections of

this report.
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ITI. RESISTANCE TESTS

Objective

The objective of the resistance tests was to determine the
resistance of an Arctic SEV as a function of its size, speed, thickness of
ice, and material properties of the ice. In addition, it was desired to
study the dynamic behavior of the ice sheet to determine if the ice would
interfere with the operation of the craft and if there was any possibility

of broken ice damaging the hull structure.

Wave Resistance

The hydrodynamic resistance of an SEV operating over calm water is
primarily the wave-making resistance. The SEV traveling over water creates
a train of waves moving at the speed of the craft. The work done by the
SEV in generating these waves resuits in a drag force or wave resistance.
Recent theoretical investigations of wave resistance have been made by

Newman and Poole [1], Barratt [2], and Doctors and Sharma [3].*

In a similar manner when operating over a floating ice sheet, an
SEV will generate a train of flexural waves in the ice sheet. The shape
of these waves and, hence, the resistance of the SEV will be influenced

by the thickness of the ice and the mechanical properties of the ice sheet.

*Numbers in brackets designate references at end of paper.
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Flexural Waves in a Floating Ice Sheet

An analysis of moving loads on a floating ice shect has been
performed by Nevel [4]. He uses the theory for the bending of thin
plates to predict the deflection of the ice sheet, considering the ice

to be homogeneous, icotropic, and elastic.

If a vertical, concentrated load P moves on the ice with a constant
velocity u along the r-axis, the difterential equation describing the
motion of the plate is:

DT + py + p;h % =P §(x - ut)ély) (1)

ot

where
D = En3/12(1 - V)
E = Young's modulus for ice

v = Poisson's ratio for ice

h = jce thickness

s L spl s 2
ox" dxc23y? ay"

T,Y,2 = a vcationary cartesian coordinate system with z directed downward

-

w = the vertical deflection of the ice

p, = the water pressure on the ice
p, = the mass density of the ice
p,, = mass density of water

t = time

u = velocity of the load

6§ = Dirac's delta function

P = vertical, concentrated 1oad
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From potential theory and assuming that the water is incom-

pressible, the water pressure po on the ice can be expressed as:

. 2 alw b
Pe = Py = P, 8¢z = w (2)

where ¢ = scalar potential function. In this equation the non-linear

velocity term has been neglected.

Nevel solved equation (1) and extended the solution to

include the problem of a uniform, circular, pressure distribution of

radius 7 by replacing P with

2n

j; ' f : (P/nR?) rdrdo (3)

where P represents the total load.

The results of Nevel's work demonstrated that the ratio
of the wave surface deflection to static deflection becomes infinite |
whgn the velocity u of the pressure distribution equals the critical
velocity i, @S illustrated in Figure 1. In addition, the critical velocity
is found to be a function of the characteristic length of the ice sheet,
density of water, density of ice, water depth and the size of the 1

preésure;di§tribution. In dimensionless terms, the relationship between J

critical velocity and these variables may be expressed as:




i
f
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s - La (8
'/QT H L pr. j
where

1/u
2 = characteristic length of the ice sheet = (D/pwg)

H = water depth

This relationship is presented in Figure 2. Note that the critical velocity

is strongly dependent upon the depth of the water.

If the deflection of . he ice is kncwn, the resistance to motion

experienced by the SEV can be estimated theoretically, using the following

.&.’ =
R‘icc s ff P (»n,.r/) p dz dy (5)

S

equation:

where 5 is the area over which the uniform pressure is distributed and

x 1is the Cartesian coordinate in the direction of motion.

For purposes of identifying the important independent variabies,
the case where the pressure is distributed over a circular area of radius
R will be considered. Using the solution for the deflection from Nevel,

the following functional relationship for the resistance .s obtained

from equation (5).

C o
by

Rice T R
———— = s ¥ ook W o ¥ a8
3 i i1 0 (6)

ot S i .Mmﬂj

e Al e Qe e

e o i Uy
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« §8 =

where A is the weight of the model. The parameters contained in the

function f, are all non-dimensional.

Two of the non-dimensional parameters contained in equation (6)
can be neglected. For full-scale ice in deep water, the small variations
in ¢/ 4 and inpih/pﬂﬂwi11 have a very small influence on the resistance.
For the model tests, 2// varied from 0.093 to 0.234 and pih/pul varied from

0.07 to 0.10. Nevel reports that variations in these parameters within

the ranges indicited will have little influence on the critical velocity
(Figure 2 ) and on the deflection (Figure 1). As a result, the critical

velocity can be assumed equal to

w =1.28 /I (7)

By eliminating these parameters from Equation (6) and converting this

equation trom polar coordinates to Cartesian coordinates, the following

relation is obtained:
Rr.

(a4

AA" ' = (
\

-~

-~

i b «

3 ’ '5 [y Q,- ) (8)
(o

where a and b are the dimensions of the model. It should be noted that

even though « and » are included as variables in Equation (8), they were

: constant for this test program since only one model was tested.
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Model Scaling Laws

For model testing to be correct, the model must be both geo-
metrically similar and dynamically similar. The first is achieved by
scaling all dimensions by A, the geometric scale factor. The second
condition is achieved by maintaining the ratio of significant forces the

same for the model and full scale craft.

In testing an SEV over water, the significant forces are gravity
forces and inertia forces. Gravity forces will scale by A® since the
density of water is the same for both the model and the full scale craft.
It then follows that the inertia forces must also scale by A%. This is
achieved by testing the model at velocities which correspond to the same
Fronde Number (u%/gL) as the full scale craft, where L is some charac-

teristic dimension of the craft.

From these principles, the scaling laws listed in Table 1 can
readily be derived. These laws dictate that the model ice thickness,

flexural strength, and elastic modulus be reduced from the appropriate

full scale values by the scale factor A.
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Table 1

Scaling Laws for Modeling

hee =X hpg (n = ice thickness)
gy = Ao (o = flexural ice strength)
Beg = A Epg (E = elastic modu'us)
Pufs = Pums (p = mass density of water)
. Pifs = Pims (p = mass density of ice)
I
; tes = /K tpg (t = time)

Ve, = J{'vms (v = velocity)

= )\3 = i
Reg AR (R = resistance)
= [ = . .
Ifs = A Ims (r = mass moment of inertia)
= 3 4
Meo A M (¥ = mass)

Meg = Mp (v = kinematic friction factor)

% 'n =
Bee = A B {B = beam)

Leg = A Lpg (Z

length)

]

Pes = APy (P pressure)

The subscript fs is for full scale; and ms, for model scale. The symbol

A is the geometric scale factor (>1).
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Model SEV
The model used for the resistance tests was a 1/7.5 scale model

of the SK-5 pictured in Figure 3. The characteristics of the model are:

Length Overall: 5.18 ft.
Beam: 3.17 ft.
Weight: 50.5 1bs.
Skirt Height: 0.47 ft.
Cushion Length: 4,06 ft.
Cushion Area: 9.78 ft.?
Cushion Pressure: 5.16 psf
Fan Speed: 2800 rpm

The Arctic SEV Program is designing vehicles much larger than the
SK-5; however, this model can be used without significant error to
represent the larger craft by considering it to be of smaller scale.

The appropriate scale factor is determined by the following relationship:

A3 = weight of the full scale SEV
weight of the model

Three sizes of SEV's are being considered. The nominal weights
of these crafts are 170, 540, and 1000 short tons. For the SK-5 model
to represent these crafts, the scale factors are those in Table 2. The
cushion pressure of the model would then represent the full scale cushion

pressures listed in the table.

For the resistance tests, the scale factor A = 19 was chosen and

the properties of the model ice were scaled appropriately.
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Figure 3. Model of the SK - 5 (scale = 1/7.5)
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Table 2

Scal2 Factors Relating SK-5 Model
to Full Scale SEV

Full Scale
Weight of Full Scale
?EV Cushion Pressure
Short Tons) Scale Factor (psf)
170 19 97
540 28 140

180

1000 34
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Model Ice

The properties of the model ice must be scaled according to the
scaling laws listed in Table 1 . The thickness » of the model ice,
the flexural strength °f’ and the modulus of elasticity - wmust be
reduced from the full scale values by the scale factor A, and the density

P; must be equal to the full scale value.

Control over these properties is possible using a synthetic model
jce called MOD-ICE which has been developed by ARCTEC, Incorporated.
This is a multi-component wax-1ike material which exhibits the desired
properties. MOD-ICE was used for all of the resistance tests and will be

referred to, herinafter, simply as "ice."

By controlling the properties of the model ice, dynamic similitude

between the modei and full scale vehicle is achieved.

Model Test Facilities

The ARCTEC Ice Model Basin in Savage, Maryland, is 60 feet long,
8 feet wide, and 4 feet deep. The water depth for the resistance tests

was 2.9 feet.

Barratt [2] investigated the effect of water depth on wave
resistance. His results show that a water depth equal to the craft

length can be treated as deep water and that the wave resistance will

increase approximately 3% at a water depth to craft length of 0.5.
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The ratio of water depth to craft length for the Arctic SEV tests was
0.72, indicating that the tank bottom would not significantly influence

the resistance measurements.

With ice on the surface of the water, the effects of shallow
water are related to the ratio of the characteristic length of the ice
to the depth of the water. Nevel [4] determined this relationship,
and his results have been included in Figure 2. From this information
it has been concluded that the model tests were all conducted in deep

water.

Newman and Poole [1] studied the effects of channel width on wave
resistance. Their conclusions were that, except for the vicinity of
u?/gH = 1, the effects of the walls on the resistance are negligible for
tank widths greater than two model lengths and not serious for widths
greater than one model length. The ratio of the width of the tank to
model length for these tests is 1.97.

The velocity corresponding to u2/gH = 1 is 9.7 ft/sec or 5.7 knots.
Near this velocity the resistance data in calm water and over ice was

undoubtedly influenced by the tank walls.

The velocity in the towing basin was limited to less than 10 ft/sec
primarily because of the length of the tank. A% that velocity, the duration

of the runs was only a few seconds, and higher speeds were not feasible.

This limit was just above the primary hump.
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Instrumentation

Instrumentatio~ of the SEV model included the foliowing:

« velocity

« resistance

+ roll
« pitch
* heave

+ cushion pressure

+ jce sheet deflection

Each of the above variables was recorded on a light-pen oscil-

lograph recorder.

The ice sheet deflection was measured using a linear variable
differential transformer (LVDT). The LVDT was fixed to the tank wall
about midway down the tank. The core of the LVDT rested on a small pad
of stiff paper on the model ice. As the model flew past the LVDT, its core
followed the rise and fall of the ice sheet. This signal was recorded
on the oscillograph recorder and gave a tiﬁe history of the flexural wave

height in the ice at that location.

Ice Sheet Properties Measurements

As part of each test, the following properties of the ice sheet
were routinely measured:
* thickness,

*  flexural strength, 9¢

* elastic modulus, F

W e e e e
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The ice thickness was measured every meter down the length of

the tank. These were recorded and an average value calculated.

Flexural strength was measured by cutting several small canti-
levers in the ice and measuring the forces required to break them. The

strength was calculated using the following relationship:

i
where P = force required to break the cantilever
2 = 1length of the cantilever
b = breath of the cantilever
h = thickness of the cantilever

An average value was calculated for each model ice sheet. This
is the method which has been used to measure ice strength during full
scale tests in the Arctic. By performing the same test in the laboratory,
the correct strength for model testing can be scaled from typical
measurements made in the field.

The elastic modulus was measured by deflecting the ice sheet

downward and measuring the force and the deflection at a distance r from

the point of application of the force.

B — il g T B —
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Test Results and Analysis

The data collected during the resistnace tests are summarized in
Table 3. The test data are also plotted in nondimensional form in the
graph of Figure 4. The nondimensional resistance 7/A is plotted versus
the rondimensional velocity u/uc with nondimensional characteristic

length &/L as a parameter.

Figure 4 shows that the wave resistance over ice has a peak which
occurs at the critical velocity u, of flexural waves in the ice sheet.
This agrees with the theoretical prediction of Nevel [4] that the
maximum wave amplitude, and hence the maximum iesistance, would occur

at the critical velocity.

The same data is plotted in Figure 5 as resistance 7/A versus
Froude number u//35. This figure also includes the curve of resistance
in calm water measured in the ARCTEC model basin. Two observations can
be made from this plot. First, the presence of the floating ice sheet
effects the velocity at which the peak resistance occurs. This velocity,
the critical velocity U is a function of the properties of the ice
sheet and is not determined by the characteristics of the craft as is the
hump in calm water. The second observation is that the magnitude of

the peak resistance is less than the calm water hump resistance.

In Tests 3, 5, 19, 20, and 21, the model pitched down by the bow and
the hull made contact with the ice. This unstable behavior is similar

to plow-in which has been experienced under certain conditions when
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operating SEV's cver water. Th2 bow skirt was tucked under the craft,

and the resistance increased to a very high value. The ice thicknesses
in which this occurred ranged from 0.72 to 1.2 cm, corresponding to 5.4
to 8.9 inches for the 170 ton craft. In each case, the craft was being

flown at a speed near the critical velocity.

This nose-in, which occurred only in thin ice, is attributed to
the interaction between the skirt and the ice caused Lv the shape of the
flexural wave in the ice beneath the craft. This occurred a sufficient
number of times to rule out an accidental cause. In considering this

interaction the following factors should be noted:

(1) The model was towed at constant velocity and was not free
to surge. The full scale SEV will be free to surge ani

will slow down as added resistance is met.

(2) The skirt of the model is not geometrically scaled for

the 170 ton Arctic SEV.

(3) The location of the center of gravity and the flying trim

of the full scale craft can be changed by the pilot.

(4) The skirt friction between the skirt and the model ice is

greater than that with ice.

The model was successfully flown in thin ice near the critical
velocity when the center of gravity was shifted aft 1.75% of the cusion
Tength (0.0175 x 48.75 = 0.85 in.). In this condition, the nose-in

problem was not experienced. The data from these tests were reported

in Table 3 for Test No. 6, 12A, and 12B.
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As part of the investigation cf the nose-in problem, calm
wate: tests were conducted to evaluate the flying trim of the model;
and skirt friction tests were performed to determine the extent to which
friction contributed to the problem. The results of these tests are

reported in the following sections.

Calm Water Tests

Calm water tests were performed primarily to determine if the center
of gravity of the model SEV was correctly located. The results of these
tests are presented in Table 4 and in the graph of Figure 6 . Resistance

data from tests at NSRDC, Carderock, Maryland (Reference 5) are also

plotted in Figure 6 for comparison.

The resistance of the model measured in the AR'TEC Model Basin is
higher than that measured by NSRDC. This 1s attributed to the tank wall
effect which was discussed in an earlier section. The wall effect also
inf luenced the resistance measurements in model ice; however, since the
resistance data over ice has been compared to the calm water resistance
measured in the same test basin, the observations made and the conclusions

drawn are valid.

From these calm water tests, it was determined that the model weight,
1 location of the center of gravity, fan speed were correct and that the
model flew over water without any abnormal behavior. Except for the tests 1

where the CG was shifted aft for experinental purposes, these conditions

were set and held fixed for all tests.
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Skirt Friction Tests

Skirt friction tests were performed to determine if the drag of
the skirt on the model ice was causing the unstable behavior in thin ice.
Two sets of tests were conducted. The first was with the flying model,

and the second was using a sample of the model skirt material.

To conduct the tests with the flying model, a rigid platform was
constructed in the model basin using 1/2-inch plywood over a 2 by 6
frame. Series of tests were run with the platform covered with ploy-
ethylene plastic sheet and with the platform covered with the model ice
material. During each series, the model was tested at its normal trim
condition and again trimmed down-by-the-bow one degree. The results
of these tests are presented in Table 5 and plotted on the graphs of
Figures 7 and 8. These data show little difference in the drag for the
normal trim condition. For the down-by-the-bow condition, however,

there is a significant increase in the resistance.

The second set of tests was to determine the friction factor between
; the model skirt material and the ice. These tests were conducted by
pulling small pieces of ice over the skirt material. Both saline ice
and the model ice were used in the tests. Weights were added to the
ice pieces in order to vary the normal force. Tests were run over

a range of velocity from 0.075 to 0.90 cm/sec. The data from these tests

are in Table 6 and are plotted in Figure 9.
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Table 6

Friction Factor Tests

N F 14
Test No. (grams) (grams) (cm./sec.)
Saline Ice Tests 5/1/74
] 144 16.2 .075
2 144 18.7 .450
3 144 20.0 .900
4 154 15.1 .075
5 154 27.7 .450
6 154 27.3 .900
7 508 50.9 .075
8 508 62.9 .450
9 508 77 .4 .900
10 110 10.1 .075
11 110 13.3 .450
12 110 14.9 .900
13 316 30.1 .075
14 316 41.8 .450
15 316 48.6 .900
Model Ice Tests 5/2/74
] 297 59.8 .075
2 297 68.8 .450
3 297 59.0 .900
4 97 40.7 .075
5 97 28.6 .450
6 97 33.6 .900
7 497 85.9 .075
8 497 101. .450
9 497 96.9 .900
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SALINE ICE DATA
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Figure 9 Friction Factor Test Results.
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The data was analyzed using the familiar model for kinematic

friction which is also referred to as dry friction or coulomb friction.

The relationship is

where

i
"

force due to kinematic friction

kinematic friction factor

5=
n

N = normal force

The friction factor of the model ice is nearly twice that of the
saline ice. This undoubtedly contributed to the nose-in problem experienced
As the bow skirt comes in contact with the ice due to the shape of the wave
in front of the craft, the added friction causes the ncse-in. While the
added friction contributes to the problem, the fact that the wave in
the ice resulted in contact between the ice and bow skirt is reason to

inveitigate the problem further.

Icebreaking with the SEV

While the purpose of the resistance tests was not to investigate
icebreaking per se, it was intended to determine if the broken pieces of
ice interfered with the operation of the SEV. No difficulties were observed

during the tests; however, several interesting phenomena were noted.

Icebreaking occurred in two ways. At low speed the ice was observed




ARCTEC, Incorporated
-39..

to fail because the cushion pressure depresses the water under the ice

sheet in the vicinity of the vehicle and large sections are left unsupported.
The ice then breaks of its own weight. This only occurred in thin ice and
will depend on the cushion pressure as well as the thickness of the ice.

The photographs in Figures 10 and 11 show model ice broken duv:ing lTow

speed tests.

At speeds in the vicinity of the critical velocity, the ice would
crack because of the wave generated by the moving craft. The amount of
damage to the ice appeared to be less than in the slow speed case.

Both the low speed and high speed icebreaking phenomena have been observed

in recent tests of full scale SEV's as was reported in Reference 6.

(A copy of Reference 6 is included as Appendix A.)
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Figure 10. Broken lce After Slow Speed Operation

Figure 11. Channel Broken by ASEV at Slow Speed
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Conclusions and Recommendations

The objective of the resistance tests was achieved in that it was
demonstrated through model testing that the resistance of an SEV operating
over ice is a function of the mechanical properties of the ice sheet.

In particular, there is a peak resistance which occurs in the vicinity
of the critical velocity of the flexural waves in the ice sheet. The peaks,
however, were found to be less than the primary hump in calm water and

decrease with increasing ice thickness.

An unstable condition was observed when operating in thin ice
near the critical velocity. The shape of the wave generated in the ice
sheet under the craft was such that it came in contact with the bow skirt.
Friction between the skirt and the model ice caused the model SEV to pitch
down by the bow. MNotwithstanding the fact that the testing was performed
with the model restrained in surge and that the skirt friction over the

model ice is high, this phenomenon requires further investigation.

It is, therefore, recommended that additional testing be performed
specifically to investigate the interaction between the skirt system of
the SEV with the wave generated in the ice sheet. This investigation

should include several models in order to determine the effects of

variation of the beam to length ratio.
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IV. PARKING TESTS

Objective

As part of the total model testing program, four days of testing
were devoted to performing parking tests. The purpose of this testing
was to form a basis upon which to design a landing pad configuration
to enable an Arctic SEV to park on the ice. In forming this basis two
areas were of particular interest. The first was to observe the manner
in which the ice failed for a given landing pad configuration, and the
second was to determine empirically the bearing capacity of the ice as
a function of tiz ice thickness and ice properties for different landing
pad configurations. The best landing pad configuration corresponds to
the one which permits the Arctic SEV to park on the thinnest ice

without the ice failing in some manner.

From discussions with the Arctic SEV Program Office, the
following five (5) configurations, which are depicted in Figures 12
through 16 for a 170-ton craft, were chosen to be tested:

+ Four Hard Pads

« Runners

. Inflated Rectangular Pad
« Four Inflated Pads

. Inflated Circular Pad

These configurations, with the exception of the circular pad, were selected

based on preliminary design considerations ad on design work going on
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elsewhere. The actual dimensions of each of these configurations are
based primarily upon the particular design of the craft with constraints
imposed due to the basic structural design and imposed to prohibit the
supports from interfering with the operation of the craft. As an aid
in developing empirical expressions for the bearing capacity, the
circular pad was proposed as an additional test configuration because
of its radial symmetry. The load area for the circular pad was chosen
to be the same as that of the rectangular pad. Using these designs for
the 170 ton craft, models of each were constructed of plexiglas with
foam rubber used to represent the inflated pads. A scale factor of

19 was selected in constructing and testing these models to enable the
results of these parking tests to correspond directly to the model

used for the flying tests.

Jest Procedure

The test program consisted of determining the bearing capacity of
the ice as a function of the craft size, size and shape of the landing pads
and the thickness and properties of the ice. Using these results, the
minimum required ice thickness to support a full-scale craft can be established
for the different landing pad configurations. The minimum of these corres-
ponds to the best configuration, that is, the one which permits the craft

to park on the thinnest ice without the ice failing.

The overall test plan consisted of testing all five models in four
MOD-ICE sheets of various thicknesses and properties. In addition, two
of these data points were duplicated by testing the model with the four

inflated pads twice in two of the sheets yielding a total of twenty-two

(22) data points.
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For each test, the following variables were either measured,

calculated, or recorded:

* h ~ sheet thickness

* 0, ~ flexural strength of sheet

4

« '~ elastic modulus of sheet e
th3

\12%5;(1-\)2

* L ~ characteristic length =
« /"~ load trace
Failure Crack Pattern

Dimensions of Failure Pattern

A typical testing sequence began with the elastic modulus measurement.
This measurement was pe 4 by depressing the sheet at a constant
deflection rate while recording the magnitude of the corresponding load
and deflection of the sheet a specified distance away from the load.
From this record, along with the sheet thicknesses, the elastic modulus
was calculated using the standard force-deflection relation for a plate
on an elastic foundation. Following the elastic modulus measurement,
the first model was attached to a specially machined, hollow steel
force block which is suitably instrumented with semi-conductor strain
gages to sense the applied loads. The model was then positioned at a
selected location as depicted in Figure 17. The model was then slowly
lowered at a constant deflection rate to represent an SEV gradually

parking. As the model began to depress the sheet, the output signal

from the force block, which is proportional to the load applied to the
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Figure 17.

Parking Test Set-Up
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model by the sheet, was amplified and recorded permanently on an oscillo-
graph recorder. The constant deflection rate was continued until a
complete breakthrough failure occurred at which time the force began

to decrease. The model was then disconnected from the force block and
the next model connected. While this was being done, the failure pattern
including appropriate dimensions and sheet thicknesses were recorded.
Also, black and white prints were taken of the failure pattern in order
to have a permanent record of the pattern. The same procedure was then
repeated for the next model. After all the models had been tested, the
force block was calibrated to insure proper correlation with the applied
model forces. Following the testing of the models, the flexural strength

of the MOD-ICE sheet was measured by breaking insitu cantilever beams.

Test Results and Analysis

A summary of the test data is presented in Table 7. From the
oscillograph record of the load trace, two loads were extracted. The
first was the load which caused the first crack to appear (Pl) and the

second was the maximum load (P___) which corresponds to a complete break-

max
through failure of the sheet. The typical crack pattern and load trace
for each model are sketched in Figures 18 through 22. In addition, the
dimensions of the crack pattern for each test are tabulated in each of

these figures.

The mode of failure for each model test followed the same general
sequence. The models were slowlylowered ata constant deflection rate.

As the models came in contact with and began to depress the sheet, the

e -
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Failure Pattern for Four

Figure 18

-55-

Hard Pads Model

Load Trace

i
l
3 { Cont
E
L

P — e —— e

First Crack

act | ﬂjff//?\
| 1 - |
| Breakthrough
1 P
1/ - — SN ‘,,A____;’
- A

; 44"
Bl \, . 106" !
| \\ | |
\ L
\\ LT
| Q\_-'_—/,
Test Day alcm) b (em)
4-9-74 143.5 80.
4-16-74 155. 93.
4-18-74 160. 100.
4-22-74 144, 91

—

Crack Pattern
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Figure 19
Failure Pattern for Runners Model

T F1rst Crack
Load Trace 1 Euntact
Breakthrough
l
4
28 cml {-— b Crack Pattern
- Sy,
-
J N
' 96 cm
= J
Test Day alcm b(cm)
4-9-74 132. 70.5
i 4-16-74 138. 85.
4-18-74 145, 90.

4-22-74 139. 79.
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Figure 20
Failure Pattern for Inflated Rectangular Pad Model

Load Trace

|

Breakthrough

&
At

t

[ <:h\-r |27 cm } —‘\\\
b| k l 33 cw Crack Pattern
Lg )

T

a

P Contact

1

'First Crack

Test Day a(cm) b(cm)
4-9-74 127. 90.
4-16-74 129. 86.
4-18-74 142. 87.

4-22-74 127. 74.
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Figure 21
Failure Pattern for the Four Inflated Pads Model

Y

Breakthrough

Load Trace -

1_Eirst Crack

-—
t

| e -

| |

Crack Pattern

g h— =

Test Day alem)  b{em) e(cm) d(cm) e(em)  flcm) g(cm) h(cm)

4-9-74* - - - - - - - -
4-9-74* - - - - 10.5 28. 36. 26.5
4-16-74 53. 38. 53. 37.5 45. 27. 42, 33.
4-18-74** n.a.

4-22-74* - - - - 44, 30. 41. 29.
4-22-74 56. - 56. - 50. 35. 85. 3.
* ~ aft c.g. location

** . Failure Pattern occurred as large circumferential cracks about the
two bow pads and two aft pads. Dimensions for these cracks were
61 cm x 81 cm and 63 cm x 77 cm,
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Load Trace

Test Day
4-9-74
4-16-74
4-138-74
4-22-74

Contact

Figure 22
Failure Pattern for the Inflated Circular Pad Model
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force increased in a linear manner with increasing deflection. This
continued until the load increased to P; and a large circumferential
crack (first crack) appeared. As the motion continued beyond this point,
the force continued to increase but at a lower rate. With further
deflection, additional cracks began to appear until a complete break-
through failure occurred and the load began to decrease. This failure
usually corresponded to a second circumferential crack located between

the boundary of the model and the first outer circumferential crack.

In analyzing the failure sequence, the bearing capacity can be
defined as either the load to cause the first crack to appear (P,) or

as the load to cause complete breakthrough failure (P___ ). The analysis

max
presented in this section treats both. The bearing capacity, whether
it is characterized by 7, or by Pray® €an be expressed in the following

functional form for each model:

Pl x fl(h’ (‘f’ E‘)
P =t (h, O E)

(10)
man

where

P, = load required to cause the first crack to appear

Pmax = load required to cause complete breakthrough failure

h = jce thickness
Of = jce flexural strength

E = elastic modulus of ice

In order to replace the above functional equations with empirical ones,

either of two approaches canbe used to analyze the test results. The
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first is to analyze the data in its dimensional form. Using this method
each independent variable (h, £ and °f) must be investigated in turn to
determine the corresponding influence on the dependent variables (P, and
Zmax)' Because of the limited amount of data, this approach proves to

be extremely difficult if not impossible. The second approach is to

use dimensional analysis. To use this method, equations (10) must be
transformed into appropriate non-dimensional ones. To accomplish this,
consider the mode of failure which can be described as bending

failures occurring when bending stress at the outer fibers of the sheet

equal the flexural strength 0 e From elementary plate theory, the maximum

bending stress can be expressed as:

ma x
ey (11)
max  gp2
where M . = ma.imum bending moment per unit length. For a plate
on an elastic foundation, Mmax can be expressed as:
r [ (12)
Mpax = P x £3 ()

where £ is some designated parameter which describes the size of the load
area. As an example, the parameter £ for a small uniform circular load is

defined as the radius of the load area. Substituting equation (12) into

equation (11) yields
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or rearranging [;2 SR = fu(%’) (14)
Tmaxh f3(f;)

Using this equation as a basis, equations (10) can be transformed into

the following non-dimensional ones:

l .
s fs(%—) (15)
ijl
'3l
j']a’z‘ 73 (16)
oh
P pmax . . .
where E}#; s 5}33- = non-dimensional bearing capacities
(¢/2 ) = non-dimensional load siz2

To proceed from this point, the parameter £ must be defined.
Because of the diversity of the models, it was decided to use the length
of the flat bottom of the hull (Lb) as £ for all the models. In this manner,
E/%  corresponds to the same ice conditions and craft size for all the
models. From the standpoint of comparing models, this enabls the best
landing pad design to correspond to the design with the highest P/o'f.h2
at a given £/2 . Also by defining £ as Lys the results can easily be

related to craft size, that is, a 170 ton craft, 540 ton craft, and so on.

Substituting L, for &, equations (15)and (16)become:

T I RN T T T T Tamprpenee
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P b
%ﬁz sz) (17)

where the functions f, and f, must be determined from the data. To

p
determine these functions, c;%i and omag were plotted versus L, /2 on

log - log paper as shown in Figure 23 . From these plots, it is seen
that the bearing capacity for each model can be expressed quite well by

the following equations:

where C, and C, are defined by the following table for the different

landing pad configurations:

Landing Pad Configuration 1 C2
Four Hard Pads 9.69 13.92
Runners 5.54 8.04
Rectangular Inflated Pad 4.86 10.09
Four Inflated Pads 4,68 6.48

Circular Inflated Pad 4.98 8.29
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Parking Test Results
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1~ Test on 4-9-74 6+ -
2 ~ Test on 4-16-74 5 /
3~ Test on 4-18-74 4 . AV U S Y
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These results are presented in graphical form in Figure 24, A

discussion of these results is presented in the next section.
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Full-Scale Prediction

The full scale predictions for the 170 ton, 540 ton and 1000 ton
crafts are presentad in dimensional form in Figures 25, 26 and 27 respec-
tively. In each figure, the following two plots are shown: (1) ice
thickness versus load to cause the first crack; and (2) ice thickness
versus load to cause breakthrough failure of the ice. To use these plots,

one enters with a known craft weight and determines the minimum ice thick-

ness for which the failure condition will not occur for a particular land-
ing pad configuration. If the ice is thinner than this value of thickness,
the failure condition will occur while if the ice is thicker, the failure !
condition will not occur. To illustrate this further consider the 170 ton
craft with an inflated rectangular pad (model number 3). From Figure 25,

it is seen that if the ice is thicker than approximately 2.1 feet no cracks
will occur. If the ice thickness is less than 2.1 but greater than 1.3 feet,
the craft will cause cracks to appear. Finally if the ice is less than

1.3 feet thick, the craft will breakthrough the ice. Using these plots in
this manner, Figures 28, 29, and 30 are presented for the three craft sizes

and for each landing pad design to depict under what conditions the follow-

ing three failure responses will occur:

» No Failure

» Appearance of Cracks

» Breakthrough Failure
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Figure 28

Failure Mode for 170 Ton SEV.
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Figure 29 - 72 -
Failure Mode fro 540 Ton SEV.
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Figure 30
Failure Mode for 1000 Ton SEV.
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In using these plots in this manner it should be noted that:

(1) The ice thickness of interest is beyond the range
of data for some of the models. In formulating the test plan for these
tests, it was thought that the non-dimensional bearing capacities
(Pl/'cfh2 and Pmakaﬁz) would be independent of the load size (Lb/z)
since L, was between 3 to 6 times the ice characteristic length &. If
this were true, the range of data would have easily included the ice
thicknesses of interest. Also if this were true the bearing capacity,

P, and P

ey would have been predicted higher than what a given thick-

ness of ice could support in reality. Therefore, as 2 result of these
model tests, it was discovered that the bearing capdacities are still a
function of load size (LL/Q) and that thicker ice is required to support

a given craft than was first thought.

(2) From these plots it would first appear that the model
with four hard pads would be the best choice since it requires the
thinnest ice to support the craft. These pads, however, for the 170 ton
craft are only 5 inches high. Because of this, as the craft begins to
park and depress the ice sheet, the hull of the craft will come in contact
with the ice at the periphery of the flat bottom. The craft is no longer
completely off the ice and its hull structure is supporting a portion of
the total weight of the craft. The reason why this configuration appears
to be the best is because the weight is being distributed over a larger

area. [f these pads were of the same height as the inflated pads, the

failure respunse would have been similar.
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Conclusions and Recommendations

From Figurzs 2%, 29 and 30 presented in the previous section,
a summary table (Table 8) can be written for the mode of failure cf
the ice during parking as a function of ice thickness for different
landing pad confiqurations. In this table, the results for the Four
Hard Pads have not been included because of the discussions presented
in the previous section. In addition, the results for the Circular Pad
were not included because it is not a realistic alternative design.
From this table it is interesting to observe there is no tremendous
difference between these landing pad confiqurations. Therefore in
practical working terms the 170 ton craft will breakthrough the ice if
the ice is less than about 1.5 feet* On the other hand, the ice will
support the craft without cracks forming if the ice is yreater than

approximately 2 feet.*

A significant reduction in the thickness of ice required to support
the craft can be achieved by increasing the area over which the weight
is distributed. This is the effect which was seen in the results of the

tests with the four hard pads.

It should be emphasized that some of the above stated responses

are for ice thicknesses beyond the range of data collected during the

*

°

E

70 psi

300,000 psi
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model tests as discussed in the previous section. Because of this we
recommend that additional! tests be conducted in thicker ice in order to
extend the rangc of the test data. By doing this we can gain confidence

in the above predictions of the required ice thickness necessary to

support the craft.
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Table 8

Summary of Parking Test Results

ERRERS I O N R

Mode of Failure

i S i

% No Appearance Breakthrough
| ; Failure of Cracks Failure
f % 170 ton ASEV
1 with Four Inflated “ads 2,20 1.8'<he<2.2’ n<1.8"
with Runners 1>1.9' 1.5'<n<1.9" h<1.5' ;
with Rectangular Inflated Pad #>2.1' 1.3'<h<2.1' h<1.3'
540 ton ASEV
i with Four Inflated Pads 3. T 3.0'<n<3.7' h<3.0'
o with Runners h>3.3" 2.6'<n<3.3' h<2.6" j
% | with Rectangular Inflated Pad #>3.6' 2.3"'<h<3.6' n<2.3' :
1000 ton ASEV
with Four Inflated Pads n>5.1' 4.2'<n<5.1" h<4.2'
with Runners h>4.,5' 3.6'<h<4.5' h<3.6' ]
with Rectangular Inflated Pad #>4.9' 3.5'<h<4.9' h<3.5'

NOTE: Ice Flexural Strength (v.) = 70 psi
Ice Elastic Modulus (Z) + 300,000 psi
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APPENDIX A

HOVERCRAFT IS BEING USED AS ICEBREAKER

This article appeared in the Watertown
Daily Times, Watertown, New York, on April 16, 1974
and is copied with the permission of the Watertown Daily Times.

Prececing page blank
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Watertowun Daily I'imec, Watertown, New York
April 16, 1974
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TORONTO — A hovercraft ‘pert with Environmental CanToronto Harbor Commission-
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which appear promising. out ! N SIS0 DIVEES e ;
. & QUL sepressing the water surface The two air cushion vehi
there still are many experi- immediately beneath thecles used for the tests in
inents to be conducted before jcraft below the lower ice sur|Aquatic Park is curreatly un-

a clear<cut case can be made! face. As the hovercraft movedder construction, were the
for alr cushion vehicle. ‘{orward, the i'\l:e brca’l‘cs un(:er:‘r%‘;‘:'*"k and the Terma
i . _iits own weight as vhe water

2o e o iebresins U3 S0 MRS YT woersa, buit
Harbor using hovererait, may, _CXPCrts have found that SN VS e e
help prove that ths develon. Some cases. this air cavityihe same name, is powered
ment of special icebreaking Ciicd between water andby two 200 h.p. Deutz diesel

CaKIN3 s may extend up to 30 feet €Ngines and measures 40 feet

equipinent based nn the air: ross,
cushion principle is economi-!ahcad of the vehicle and pre- gyuilzahf"st;u&:m;ﬁ?cgng.
cally feasible. jcrack the sheet by Leaving it jang, by Air Cushion Equip-

up slighidy. ent. has only on ;
Transportation Development{ The 65-foot Vovazeur hov- :::g?n'e ,,‘,‘d",',‘,z,:u,:f?’,g &5
Agency of the Ministry oflercraft which underwent apy"1g feet.
Transport to ascertain the scries of trials in Torvato “Both vehicles were able to
icebreaking capabilitics of ajHarbor before it was pur-preak ice eight inches thick
hovercraft, were carried outich.sed by the Ministry of a5 they were pushed along by
by the ministry's air cushion Transport in 1972, was alsoa tug.
vehicles section in Toronto's'evaluated for its ice-breaking “Pushing the vehicle athe
outer Harbor using two air capabilities. Loaded to ilsyartship,” Mr. Poitras point-
cushion barges. Al lmaximum capacity of 88.000ed out, “creates a wider chan-
The barges, one British-|lbs., and travelinz at betweenpe] of broken ice.”
built and one constructed inifour ard five miles per hour. The project manager is en-
Thornhill, Ont., were not sclf'the hovercrait was able tothusiastic about the possibili-
propelled and were roved|break up 10 inch-thick ice. ties for the future.
about in the harbor area hv! Movin? at hizher snoaeds i -
Toronto Marbor Commiscion|(10-15 m. p. h.) ice was found
S. 'to be broken in a slightly
“The hovercraft was never!diffcrent manner. The hover-
desigred to po over ice.” ex-'craft creates a large wave of
plained project manazer Ro-water under the ice about 10
ger Poitras, “and the foct fect behind  itsell  which
that it can break ice wis rezi- weakens and cracks the ice.
Iv discovered by arcident” Very good results are ob-
Tests were carried out near ta:red by spinning the craft
Yellowknife with an air cu-‘arounq 180 degrees and
'shion transporter, 2 non-self- mecting the wave head-on.
propellrd platiorm weithirz  More teits on this method
180 tons fully loaded and it of ice-breaking were carried|
was found capable of break- out this winter with the Voya-
ing ice up to 27 incoes thick. zour  povercraft at  Parry
Tie icebreakmI qriities scund. Ontonie.

The tests, set up by the

of tixe craft were invesivjated  Sdditenal tests were also!
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